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Cancers are associated with frequent deletions of 
genetic material that select for the loss of genes regu- 
lating normal cellular physiology. Although several 
cancer suppressor genes have been identified from 
these areas of deletion, the identities of the vast ma- 
jority remain unknown, making approaches leading to 
their localization, identification, and validation an im- 
portant continuing endeavor. Those currently charac- 
terized cancer suppressors include regulators of as- 
pects of the cell cycle, growth and transcriptional 
regulators, DNA repair enzymes, differentiation fac- 
tors, cell motility elements, and regulators of signal 
transduction. Several inherited cancer predisposition 
genes have been mapped and cloned using meiotic 
genetic linkage mapping but less success has been 
achieved identifying those genes involved in non- 
familial cancer. The future localization, identification, 
and validation of these genes are likely to involve a 
combination of complementary position-oriented and 
function-driven approaches, some of which are de- 
tailed in this article. © 1999 Academic Press 



Loss of genetic material from cancer cells occurs 
more frequently than chromosomal amplifications (1). 
One consequence of these events is the physical re- 
moval or functional inactivation of tumor suppressor 
genes during the etiology of solid tumors (2). Chromo- 
somal mechanisms that could lead to either increases 
or decreases in the expression of genes are illustrated 
in Fig. 1. In this article we will focus on cancer sup- 
pressor genes and the various approaches used to lo- 
calize and identify this category of genes. Loss of func- 
tion of genes which regulate the normal growth of cells 
can occur through point mutations or small scale dele- 
tions, loss of an entire chromosome (monosomy), chro- 
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mosomal loss followed by duplication (uniparental di- 
somy), genetic recombination, CpG island methylation 
or any combination of these mechanisms (2) which are 
illustrated in Fig. 1. The net result of any of these 
processes is selection for the loss of function of genes 
regulating normal cellular physiology thereby leading 
to an increase in the tumorigenic potential of cells 
which in turn drives neoplastic progression. Identified 
cancer suppressor genes include regulators of aspects 
of the cell cycle, growth and transcriptional regulators, 
DNA repair enzymes, differentiation factors, cell mo- 
tility elements, and regulators of cellular signaling (see 
Table 1). 

Microscopic cytogenetic evidence of genetic alter- 
ations leading to loss of functional genes has been 
reported for virtually every cancer and can be evi- 
denced as the deletion of several intact chromosomes 
and/or subchromosomal regions during tumor develop- 
ment (3). For example, loss of chromosomes X, Y, 4, 10, 
13-15, 18 or 22 and/or chromosome segments lp22- 
pter, 3pl3-pter, 6ql4-qter, 8p, 9p, lip or 17p occur 
frequently in several common cancers, including carci- 
nomas of the breast, brain, kidney, colon, ovary, lung 
and skin (1). Several of these deleted chromosomes or 
subchromosomal regions in tumors have facilitated the 
isolation of tumor suppressor genes, such as INK4A/ 
pl6 in 9p21 (4, 5), RBI in 13ql4 (6) and PTEN in 10q23 
(7, 8), and lead to the demonstration that they are 
functionally inactivated in cancer. Additional cancer 
suppressors and a list of their chromosomal locations 
are provided in Table 1 . 

IDENTIFICATION OF CANCER SUPPRESSOR GENES 
BY POSITIONAL CLONING 

The major successes in mapping and isolating genes 
that are functionally inactivated or deleted during tu- 
mor progression have involved meiotic genetic linkage 
mapping in familial cancer clusters. Examples illus- 
trating the effectiveness of this approach are the clon- 
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FIG. 1. Chromosomal mechanisms of gene alteration. 



ing of the BRCA1 and BRCA2 genes that were linked to 
genetic predisposition for breast cancer (9-12), the von 
Hippel-Lindau disease gene (VHL) linked to familial 
kidney cancer (13) and the APC gene for Familial Ad- 
enomatosis Polyposis (FAP) which predisposes affected 
individuals to colon cancer (14, 15). Since a familial 
predisposition to cancer accounts for only a small per- 
centage (—10%) of many of todays most prominent 
cancers, the vast majority arise sporadically and are 
triggered through a combination of genetic and envi- 
ronmental factors. For example, only —10% of melano- 
mas (16) and lung cancers (17) occur in familial set- 
tings while the remaining —90% are triggered by 
environmental stimuli such as severe sun burning dur- 
ing childhood (16) or cigarette smoking respectively 
(18). Certain familial cancer genes do play significant 
roles in sporadic cancers and one example is the cyclin 
dependent kinase inhibitor, INK4A/pl6, which is in- 
volved in both familial and sporadic melanomas (16). 
However, the vast majority of cancer suppressor genes 
significant to the progression of sporadic cancers re- 
main to be identified. 

Suppressors with roles in non-familial cancers have 
been localized and identified through a number of dif- 
ferent strategies which are briefly mentioned in Table 
1. The most common approach utilizes a combination of 
cytogenetics and its molecular counterpart, loss of het- 
erozygosity (LOH), to search for increasingly smaller 
regions of chromosomal loss in tumor cells from which 
to clone candidate genes by a process termed positional 
cloning (Fig. 2). Comprehensive cytogenetic analyses 
performed on collections of tumors have identified non- 
random areas of loss within particular cancers and 
common to multiple tumor types (1). In certain in- 
stances, the identification of these areas as "hot spots" 
for loss of genomic material has facilitated the identi- 
fication of cancer suppressor genes at these sites. For 
example, the INK4A/pl6 gene was identified through 



this approach from a region of 9p2 1 that is commonly 
deleted during the development of many types of can- 
cer (4, 5). A recent report by Mertens et al (1998) 
further demonstrates the utility of the cytogenetic sur- 
vey approach to identify chromosomal regions targeted 
for losses in several of today's most prominent carcino- 
mas (1). Also, Comparative Genome Hybridization (19) 
has successfully defined genomic regions of loss in tu- 
mor material; a recent example of this strategy has 
identified several deleted regions in primary mela- 
noma tissue (20). These approaches are complemen- 
tary and highlight regions lost during tumor progres- 
sion as possible sites of cancer suppressor gene loss. 

Once a chromosomal region has been identified as a 
target of deletion, the region is narrowed by searching 
for loss of allelic material in tumors in comparison to 
normal tissue from the same patient by a process 
termed LOH. Ideally a small region of homozygous loss 
can be identified in the tumor material and a physical 
map spanning the region can be constructed from 
which candidate genes can be cloned (Fig. 2). Deleted 
in pancreatic carcinoma, locus 4 (DPC4) was cloned in 
this manner by identifying a convergent region of ho- 
mozygous deletion in a number of pancreatic tumor 
samples (21, 22). Once a region is defined, one ap- 
proach to identify candidate genes is to examine known 
cancer suppressor genes or expressed sequence tags 
(ESTs) that occur in these regions of homozygous or 
hemizygous deletion to determine if their candidacy 
can be confirmed by either mutational of functional 
analysis (see Fig. 2). As more genes and expressed 
sequences are identified and mapped to subchromo- 
somal regions which are frequently deleted in cancers, 
determining their involvement in tumor progression 
will become an increasingly important strategy in the 
identification of these genes. In many instances only a 
small portion of sequence need be obtained and then 
the intact gene can be pieced together using on-line 



2 



t 



Vol. 2, No. 1, 1999 



MOLECULAR CELL BIOLOGY RESEARCH COMMUNICATIONS 



w 
C 

O 



CD 
U 

a. 

cx 

in 

u 
o 

E 

«2 

T3 
a> 
C 
o 



cx 
E 

CO 
X 

W 



£ 

00 

cu 
to 

< 

Q c 

. cu 

ao oo 

c o 

o oo 
o £ 

^ N 



wi C 

2 c 

CO CU 



S 3 

Q. C i- 

O CD -O 

3 3 -C 

E S © 



3 

2 



CX 
O 
C 

E 



a 

c 



c 

< 



TO o C 

woe 

"3 to V s 



cu a 

11 



CO 



g CO 

§ * 

. to 

CO CO 

1"° 



T3 
- T3 

E ^-3 

= 

j § «o *3 — . w> 

10 p . U ID £ 

CO J- cu <j 3 to 3 
cu ca *j -« QO CO 

* 5 BJ.S Is 

- g g J4 CX. y CO 

03 S Ou 



— « ~ ^ CXJ <— 

a* a. cm oj co cvj 

cd r<« a a a a. 

— t ^ CD CD — * CD 



GO 
C 



a 2 
cx g 



-— to 



15 



2 

o 



c 
o 

Z! GO 
^ C 
cu *£ 

CO *Tj 

Is 

o 

i_ -— < 

Oj to 

cu C 

f ^ 

o a, 

c oo 



OS J 



00 

1 

bb E 

C (O 

c S 
•2 D 

2 < 
« >• 

o E 

O 

cu S 

CuO 3 

3 cr 
C to 



ca 
tx, 

a 

H 



c 



oo g 
cu .2 
«- 

. cu 

£ « 

.2 3 
Tj o 

s & 

.2 p 
±i o 

I* 
cx 



E 



It 

c s 

.2 ro 
cx ^ 

CO 4-> 

C . CO 

co ti 



c2 < 
c 2 

o OS 

*5 co 
cx cu 



cx 



ops 
o 3 
_ to 

> 2 

H 




CO 



T3 

1 



3 5 

^ O 

2 +s 

JZ co 
^5 CO 

UJ OQ 



c c 
■a -a 

5 5 



1 

c 

t>0 



o 



s 

(X 



a 

Cu 



3 
C 



3 
O 

s 

2 

CU 



be 



% 

CO 
C 

CO oo 
cu C 

cu ^ 
*3 CO 

2 § 

CO 

II 

Zj CX 

CO ^3 

c g 

§•§ 

a: ix 



CO 

c 

o to 

1| 
SI 

| E 

ll 
<2 co 

II 
si 

cu u 

CO 

o u 



CJ 



oo jo 

cu £ 
cu 2 
u P 

o C 
to ^_ 

S-f 

o co 



ca 
cx 

2 

CJ 
CO 

E 

to 

E 
< 

Q 



CO 

a. 



~s cu 

I s 

c 

cu 
u. 
.cu 

5 



CO 




o 
c 

CO -o 

li 

1 <t 

U 03 



CO 



| 8 

S co 
cu 3 

E g 

o C 

-a co 

C 3 

cu a* 

- CO 

1*15 

t- — ' o 
03 U 



CO 

C cj 

2 fi 



° S 
c . 
_o _to 

"So _ 
cu 

U CO CO 

?s > 

"C cu 2 
c ao c 

s js i 



CO 

cx 

00 

•2S 



c 

CO 

E 

cu 



to 



Z 3 

cu o 

«= £ 
2 c 

CU 

•S.S 

r c 

cu cu 
Ou O 



--ncoN 
— csj — — • ir> 
cr cr o- cxcm 
o r*- cr> 1— cx 
oj — — • — • co 









u 














— • CVJ 


CO 


a> 














rr* <V - 




cr 


CO 








CVI 


CO 


CO CO ^ 


oo CO 




CO 


CVJ 






— i CVJ 


CVJ 


CO CVI 


CVJ ~ 


CO 


CVI 


CVJ 








OJ 


CO CVJ O" 


CVJ CVJ 


cr 


cr 


cr 


cvj 


CVJ 




cr 


a* a. oo 


CX CX 


oo 


o 


CD 


cr 


cr 


O- CVJ 


05 


CD CO ^ 


CVJ CO 






t— < 


i-n 




— I CVJ 



cd tn oo 



-2 

Is 

cu 

a 



< CQ U ^; 

co 2 5 2 
^ z z z 



3 



00 



IX 

< 



to CX 
C CVJ 

co W 



— CVJ 

03 CQ ^ > CX 



2 

2 

jo ^ 

s 

< 

- IM (/) 

§ 05 OS 
o OQ 03 ^ 
hvtx tx O 

ffo a ou 

-S H H Q 
U 



E 

r 



cu y ? c «2 Z 

< ^ ^ ^ y gS 
2: 2 2 s a _g ou 

Q Q cx 



co C 

si 

•SI 
Is 

_ Q 



U 
CX 

< 



JO 

r ) OO 



OQ 

£3 

CJ 
CO 

IX 



3. 
GO 



3 

H 

•g 
co 
cu 
C 

cu 

g 1 

CJ 

C 

o 



CD 
CD 



X 
E 

£ 



•a 
< 



3 



Vol. 2. No. 1, 1999 



MOLECULAR CELL BIOLOGY RESEARCH COMMUNICATIONS 



| A, Physical Map 



B. Gene Identification 




O10S1427 



D10S215 



]] | C. Candidate Gene Testing | 



Positional Cloning^ 



Candidate Genes 



Exon-trapping 

cDNA selection 

Hybridization 

Direct sequencing 

Known genes 

ESTs (Expressed 
Sequence Tags) 



Mutational 

and 
Functional 
Analysis 
of 

Candidate 
Suppressor 
Genes 



f Sequencing — 

Single-stranded 
, conlormational 
polymorphism 

Chemical 
mismatch 

Coupled in vitro 
< transcription 
and translation 



CANCER 
SUPPRESSOR 
GENE 



* Ectopic expression— 
FIG. 2. Position-oriented strategies for gene identification. 



data bases such as those of The National Center for 
Biotechnology Information (http://www.ncbi.nlm.nih. 
gov/) or The Institute for Genome Research (http:// 
www.tigr.org/). A portion of the recently cloned PTEN 
dual specificity phosphatase suppressor gene was pieced 
together using this strategy (8). However, if candidate 
genes can not be identified through this method, the 
alternative is to directly clone putative suppressors 
(23, 24) through approaches such as exon trapping, 
cDNA selection, hybridization strategies or by direct 
sequencing of the entire genomic region (Fig. 2). 

Candidate cancer suppressor genes identified by ei- 
ther approach must be shown to be biologically rele- 
vant to the pathogenesis of the cancer being studied 
(see Fig. 2). Therefore, in addition to the identification 
of large scale deletions in tumors, further confirmation 
is provided by the discovery of nonsense and missense 
mutations which either truncate the protein or affect 
its normal cellular function in primary tumors and cell 
lines. Illustrative examples of these types of mutations 
were identified for the INK4A/pl6 (4, 25, 26) and 
PTEN (7, 27-29) cancer suppressor genes. Approaches 
such as single stranded conformational polymorphism, 
chemical mismatch or coupled in vitro transcription 
and translation can aid in the identification of these 
mutations (23, 24). The ultimate validation is reintro- 
duction of the putative cancer suppressor gene into 
cancer derived cell lines lacking expression and observ- 
ing a reversion to a less tumorigenic, more "normal" 
phenotype. Recent studies showing the effects of ec- 
topic PTEN expression in melanoma and glioma cell 
lines illustrate the importance of cancer suppressor 
gene validation (30-33). 

Unfortunately, positional cloning approaches are ex- 
tremely laborious and not always successful. An in- 
creasing number of situations have arisen where the 
cytogenetic and LOH evidence has only been able to 
define a large region of deletion or where LOH has 
identified several independent and widely spaced re- 
gions of loss within such a region. Obviously, in either 
circumstance the isolation of the targeted gene is ex- 



tremely difficult. For example, a large number of such 
studies, including several high-resolution LOH screens, 
have been performed with markers spanning the long 
arm of chromosome 11 in melanoma (34, 35), breast 
cancer (36-39), ovarian cancer (40-43), cervical cancer 
(44, 45), lung cancer (46) and other solid tumors 
(47, 48). Currently, multiple closely spaced, but non- 
overlapping, regions of LOH have been detected on 
1 lq, perhaps indicating the presence of several distinct 
suppressor loci. 

Further complications occur in certain cancer types 
that are associated with a recurring genetic alteration 
that entails monosomy or uniparental disomy. This, of 
course, provides little detailed mapping information. 
Chromosome 10 is an example where tumor-associated 
monosomy has been reported for several tumor types 
(1). Localization of the suppressor genes by cytogenetic 
or molecular strategies alone has been limited largely 
due to the -small proportion of tumor samples which 
exhibit defining segmental deletions. Clearly, alterna- 
tive approaches will be required in such cases. One 
such strategy is to use the growth or tumor reducing 
abilities of cancer suppressors as a functional approach 
toward the mapping and identification of these genes. 
It has been directly demonstrated that functional 
complementation can localize separate suppressor re- 
gions on a single chromosome (33, 49-52), assign vary- 
ing tumorigenic phenotypes to particular suppressor 
regions (53-55), and demonstrate the existence of mul- 
tiple suppressor genes on a single chromosome (55, 56). 
The remainder of this review will focus on these func- 
tional mapping strategies and discuss their utility for 
the identification of tumor suppressor genes. 

FUNCTIONAL MAPPING APPROACHES TO THE 
IDENTIFICATION AND VALIDATION OF TUMOR 
SUPPRESSOR GENES 

Functional complementation mapping through the 
introduction of large segments of genomic DNA into 
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FIG. 3. Diagrammatic representation of the microcell-mediated chromosome transfer technique used to generate somatic cell hybrids. 
(A, B) A proliferating population of the chromosome donor cell line is treated with 0.02 ptg/ml colcemid for 48 hours. The donor cell line 
contains a single copy of a human chromosome that has an integrated dominant selectable marker; for example neo. (C) Colcemid treatment 
traps the donor cells in mitosis but over time they overcome this block and enter Gl. The lack of the mitotic spindle forces the nuclear 
membrane to re-form around the condensed chromosomes, forming micronuclei. Each micronucleus may contain single or multiple 
chromosomes. (D) Cytochalasin B (4.85 mg/ml) treatment followed by centrifugation causes the micronucleated cells to enucleate. The 
micronuclei, surrounded with a thin layer of cytoplasm and cell membrane are referred to as microcells. These micronuclei are filtered to 
enrich for those containing single chromosomes. (t>, E) The microcells are then fused using polyethylene glycol to the recipient cancer cell 
lines. (F, G) Only potential hybrids containing the transferred human chromosomes with the integrated selectable marker are capable of 
surviving in selective medium. 



cancer cells can demonstrate the presence of cancer 
suppressing activity and delineate chromosomal re- 
gions as the sites for the responsible genes. Mapping in 
this manner proceeds progressively from an intact 
chromosome, to a subchromosomal fragment, to a yeast 
artificial chromosome (YAC), to a bacterial artificial 
chromosome (BAC/PAC/P1), and finally to the identifi- 
cation of the gene itself. Since the process is accompa- 
nied by a scorable phenotype, once the gene is identi- 
fied its validation can be confirmed if ectopic 
expression of the gene results in similar phenotypic 
effects. 

Initially, potentially important chromosomes or sub- 
chromosomal regions are identified as possible sites of 
suppressor gene loss through a combination of both 
cytogenetic and LOH studies. A normal wild-type coun- 
terpart to this chromosome that is tagged with an 
integrated dominantly selectable marker, is then 
transferred into tumor-derived cell lines. The process 
by which a normal chromosome is moved into a cancer 
cell line is termed microcell-mediated chromosome 
transfer (57) and is briefly described in Fig. 3. It is the 
most efficient and reliable means of transferring spe- 
cific, intact chromosomes or subchromosomal frag- 
ments into cultured cells, and donor cell lines are now 



available for the transfer of most of the human chro- 
mosome complement. Panels of rodent donor cell lines 
which contain single human chromosomes can be pur- 
chased from sources such as the American Tissue Cul- 
ture Collection (http//: www. attc.org) or the Coriell Cell 
Repositories (http:/flocus.umdnj.edu/nigms/). In most 
cases, the human chromosome contains an integrated 
dominant selectable marker, such as neomycin phos- 
photransferase (neo), thereby forcing its retention and 
allowing its transfer and selection in human cell lines. 

Following transfer, hybrid cell lines are both charac- 
terized to determine whether they contain only the 
transferred human chromosome and phenotyped to de- 
termine the effect that the transferred chromosome 
has on the cancer cells. It is important to show that 
only the single transferred human chromosome is 
present in these hybrids since whole cell hybrids, cre- 
ated by the fusion of both donor and recipient cell lines, 
often exhibit complicated confusing phenotypes due to 
the presence of portions or the entire rodent genome in 
these ^ells. Chromosomes transferred by this tech- 
nique can be identified and studied by molecular strat- 
egies, conventional chromosome stains or by fluores- 
cence in situ hybridization in order to confirm transfer 
of intact stable chromosomes ^49, 50, 54). 
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FIG. 4. Functional mapping of cancer suppressor genes. 



Clonal hybrid cell lines containing only the trans- 
ferred chromosome are then tested for effects resulting 
from the reintroduction of putative tumor suppressor 
genes that were lost during tumorigenesis (Fig. 4). 
Reduced growth rate, more normal morphological ap- 
pearance, decreased ability to form colonies in soft 
agar, reduced metastatic potential, lack of angiogenic 
capacity or a reduced ability to form tumors in nude 
mice all lead to the conclusion that an active tumor 
suppressor gene was reintroduced with the transferred 
chromosome (49-52, 58). An added advantage of this 
system is that the activity of genes on the transferred 
chromosome can be studied in the recipient cells with 
less concern for several potential artifacts that can 
arise with other gene transfer methods. These cancer 
suppressor genes are expressed at normal physiologi- 
cal levels since they remain coupled to their own cis- 
regulatory regions and are associated with chromatin 
that more closely resembles the native structure. 
Therefore the biological effects and measurable pheno- 
types are not due to drastic overexpression which can 
be observed when using ectopic expression constructs. 

Additional confirmation that the introduced chromo- 
some is responsible for the phenotype is obtained when 
hybrid cells which formed tumors in nude mice select 
against the transferred chromosome and segregate it 
thereby reverting to a tumorigenic phenotype (49-52). 
However, whole chromosome segregation during tumor 
formation does not always occur, and several studies 
have reported loss of smaller chromosomal regions 
which can then be used to infer the location of the 
genes responsible for the effect (Fig. 4). Molecular ex- 
amination of tumorigenic revertants to search for loss 



of a particular portion of the transferred chromosome 
was used by Misra et al, (1989) to localize a tumor 
suppressor active in HeLa cells to 1 lql3-23 (59). While 
this approach has been used to localize a number of 
important suppressor sites critical to several cancers 
(60-62), a major limitation is that there is no control 
over the size of the chromosomal region (s) lost and they 
may remain extremely large; thereby not aiding signif- 
icantly in the mapping effort. 

Fragmentation of a transferred chromosome can also 
occur in culture if the effects of introduced genes have 
negative consequences for growth of the cells (Fig. 4). 
This process, which we have termed in vitro loss of 
heterozygosity (IVLOH) (33), can define the site and 
lead to the identification of the putative suppressor 
gene; this is shown diagramatically in Fig. 5. Through 
this process a normal copy of chromosome 10 was 
transferred into melanoma cells which then eliminated 
the responsible growth suppressor gene(s) in culture 
through chromosomal fragmentation accompanied by 
loss of a region extending distally from 10q23.1 (33). 
Breakage could be detected in every chromosomal band 
from the centromere to 10q23. Since the PTEN tumor 
suppressor mapped to 10q23, it seemed reasonable to 
propose that it might be triggering the chromosomal 
fragmentation; this was subsequently confirmed (33). 
The cell line used in this system transcribes a mutant 
PTEN mRNA but did not produce functional protein 
because both copies contained an identical T to G trun- 
cating point mutation at codon 76. Additionally, subse- 
quent ectopic gene expression studies, in this melanoma 
cell line which lacked PTEN protein, confirmed the can- 
didacy of PTEN as the driving factor for IVLOH (33). 
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The genetic content of the cell line to be used for 
IVLOH complementation is critical to the success of 
functioned mapping. For example, the melanoma cell 
line UACC 903 was ideal for chromosome 10 comple- 
mentation since during its evolution it had lost one 
copy of chromosome 10 and duplicated the remaining 
one resulting in uniparental disomy (33). Under the 
circumstance of two identical chromosomal copies, any 
mutations or deletions would be duplicated and fit the 
two-hit-model for tumor suppressor genes (2, 63). 
Therefore cell lines to be used for IVLOH should be 



examined prior to transfer to determine that they ful- 
fill these requirements. The reintroduction of a wild- 
type chromosome 10 into the UACC 903 melanoma cell 
line restored PTEN suppressor gene activity, disrupt- 
ing the homeostasis of the cell line and cause both in 
vitro IVLOH and ah in vivo reduction in tumorige- 
nicity to attenuate the chromosomal-mediated growth 
control (33). ■ 

Another strategy that has been employed to provide 
a more refined, subchromosomal localization of cancer 
suppressor genes is to use microcell-mediated transfer 
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of specific subchromosomal fragments into cancer cells 
(Fig. 4). Like intact chromosomes, chromosome frag- 
ments are "tagged" with an integrated selectable 
marker which is used to facilitate transfer. The loca- 
tion of the integrated selectable marker within the 
fragment is important since transferred fragments 
tend to preferentially contain portions of the chromo- 
some surrounding the site of integration. 

Two general approaches have been used to transfer 
chromosome fragments into tumor cells. The first ap- 
proach, developed by Koi et al (1993), compartmental- 
ized the transferable human chromosome into micro- 
cells and then used gamma radiation to fragment the 
chromosome (64). This compartmentalization served to 
minimize the complexity of the fragments contained in 
these hybrids by separating them from most of the 
rodent chromosomes at the time radiation was applied 
and decreased the potential for inter-chromosomal re- 
arrangements involving mouse chromosomes. In any 
case, small fragments must be translocated onto host 
chromosomes in order to be stably maintained. A dis- 
advantage of this approach is that extensive hybrid 
characterization was required after transfer to deter- 
mine which chromosomal fragments were present in 
the hybrid cells. 

A second strategy which does not require an exten- 
sive post-transfer characterization of hybrid cells uti- 
lizes panels of rodent cell lines which contain single 
transferable chromosomal fragments (53, 65). These 
donors were extensively characterized in a rodent 
background prior to transfer into cancer cells and con- 
sist of homogeneous cell populations containing a sin- 
gle, distinct fragment that is stably maintained in cul- 
ture. Following transfer into cancer cells the resultant 
hybrids then require less characterization and only 
confirmation that the fragment was successfully trans- 
ferred (53-55). We have generated, characterized and 
demonstrated the suppressive effects of genes con- 
tained within fragments derived from human chromo- 
somes 10 and 11 (54, 55). An added advantage of this 
approach is that the fragments themselves can break 
during the transfer process thereby generating stable 
hybrids containing varying portions of the original 
fragment and thus limit the number of transfers that 
are required (54). In these situations, comparisons be- 
tween suppressed and non suppressed hybrids contain- 
ing variable portions of the transferred fragment can 
be used to successfully localize cancer suppressor 
genes. This approach can also unmask suppressors 
that have weaker effects and that are usually masked 
by stronger ones making their localization impossible 
until the dominant suppressor is eliminated by dele- 
tion or mutation (55, 56). A recent report by Parris et 
al, (1998) has shown that this situation occurs on 9p 
where INK4A/pl6 masks the effects of another nearby 
suppressor (56). Transfer of a chromosome lacking this 
region reveals the presence of the second functional 
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suppressor gene. Once a functional suppressor region 
has been identified, positional cloning and candidate 
gene testing can be used to examine the candidacy of 
putative cancer suppressor genes (Fig. 4). 

Parental cell lines, derivative microcell hybrids and 
their revertant counterparts have been used to identify 
candidate cancer suppressor genes through subtractive 
expression approaches, such as differential display (66) 
(Fig. 4). Several investigators have recently reported 
the identification of differentially expressed candidate 
genes in microcell hybrids, matched revertant cells and 
the parental cell population (67-69). These differen- 
tially expressed genes map to both the transferred 
chromosome and to other chromosomes; it is possible 
that these genes play roles in related signal transduc- 
tion cascades resulting in tumor suppression. This ap- 
proach may lead to the cloning of many candidate 
suppressor genes in the future. 

Functional localization using yeast (YACs) and bac- 
terial (BACs/PACs/Pls) artificial chromosomes can 
further functionally narrow the sites of suppressor 
genes. Successful expression of YAC-encoded genes 
transferred into mammalian cells can be achieved in 
situations where the location of the gene is already 
known to a fairly high degree of resolution (70, 71); 
thus vectors can be chosen with a high likelihood that 
they will contain a complete and functional copy of the 
gene. Additionally, recent studies by Koreth et al. 
(1999) and Murakami et al (1998) showed that comple- 
mentation mapping using YACs can localize tumor 
suppressor activity to a region previously implicated by 
chromosome transfer and LOH (72, 73). However, the 
transfection of such large cloning vectors directly into 
cultured mammalian cells continues to be hindered by 
substantial technical limitations; the most important 
of these being the relatively low efficiency with which 
stable transfectants can be recovered. This severely 
constrains the number of constructs that can be tested 
in a reasonable number of transfers. Also, in many 
cases yeast or bacterial artificial chromosomes require 
"retrofitting" with a selectable marker or DNA replica- 
tion origin appropriate for mammalian cells (74, 75). 
However, BACs are now available from the Roswell 
Park Cancer Institute (http://bacpac.med.buffalo.edu/) 
that contain the dominant selectable markers blasti- 
cidin-s-methylase allowing their transfer without prior 
retrofitting; this type of vector could increase the util- 
ity of BACs for functional complementation mapping. 
Once a BAC with a suppressive phenotype has been 
identified, candidate genes can be isolated by either 
sequencing the entire insert or by approaches such as 
exon trapping. 

CONCLUDING REMARKS 

Both positional cloning and functional mapping ncan 
successfully move a gene mapping project from the 
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cytogenetic to the molecular scale. Therefore the local- 
ization, identification and validation of these genes in 
future years will likely involve a combination of com- 
plementary position-oriented and function-driven ap- 
proaches; the recently cloned PTEN tumor suppressor 
was identified using this strategy (8). Suppressor func- 
tion was initially mapped to chromosome 10 (76), then 
sublocalized on lOq (77), and finally the PTEN gene 
was cloned from a subchromosomal region containing 
tumor suppressing abilities in microcell hybrids and 
deleted in primary tumor material (8). This combina- 
torial approach could be the first of many demonstra- 
tions leading to the localization and identification of 
non-familial cancer suppressor genes. 
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